To build a decision tree for patients suspected of having prostate cancer using classification and regression tree (CART) analysis.
INTRODUCTION
Prostate cancer is the most common cancer in men and the second leading cause of male cancer deaths in the United States. In the absence of effective treatment options for advanced prostate cancer, intensive efforts to detect low-stage, curable cancers may help to improve prostate cancer-specific survival. 1 Recent data suggest that prostatespecific antigen (PSA) screening reduces the clinical stage at presentation and prostate cancer mortality 2 ; however, validation of these results awaits the completion of ongoing randomized screening trials. 3 Optimal strategies for selecting appropriate patients for prostate biopsy have yet to be defined. Screening for prostate cancer detects the majority of prostate cancer patients; however, their effectiveness is severely hampered by a lack of specificity. Among men who are screened, 22% to 26% of men will have an abnormal serum PSA and/or digital rectal examination (DRE) and are likely to receive a recommendation for a prostate biopsy. 4, 5 Furthermore, 20% to 25% of these screen-positive men will be found to have cancer detected on biopsy. Thus, the majority of patients who are biopsied because of screening abnormalities undergo biopsy unnecessarily.
To reduce the rate of unnecessary biopsies, efforts have focused on characterizing patient groups with an abnormal PSA and/or DRE who have a low likelihood of a positive biopsy. Multiple factors that have been associated with the detection of prostate cancer include age, race, family history, hypoechoic lesions on transrectal ultrasound (TRUS), PSA density (PSAD), PSA velocity, transition-zone PSAD, and percentage of free PSA. 6 Prior work has demonstrated that the number of positive biopsies can be reduced by a modest degree with the use of percentage of free PSA, nomograms, predictive indices, and artificial neural networks. [7] [8] [9] [10] [11] Instruments that accurately predict the presence of cancer have the potential to reduce the number of unnecessary biopsies along with their accompanying pain, morbidity, and cost. 12 Classification and regression tree (CART) analysis belongs to a family of nonparametric regression methods and is based on the recursive partitioning method. The CART builds a decision tree structure and classifies subjects into high-and low-risk groups. 13 It can be used simply to explore the data, identify possible high-risk subgroups, and uncover interactions or effect modifications among prognostic factors. Unlike the commonly used logistic regression method, CART analysis does not assume a multiplicative risk model or a specific parametric probability model, does not require a specification of the risk function (eg, a linear or quadratic effect of age), and is not affected by outlying observations. Most importantly, the results of CART analysis are presented as a decision tree, which is intuitive and easier to understand than the results of many other statistical methods. In this study, CART analysis was used to create a decision tree that can assist clinicians in making a prostate biopsy decision.
PATIENTS AND METHODS

Study Population and Biopsy Procedure
From 1993 to 2002, data were uniformly collected for the purposes of clinical care on 1,433 consecutive referred patients with a serum PSA level of Յ 10 ng/mL who underwent an initial prostate biopsy procedure. Patient referrals were obtained in the course of routine clinical care and not as part of a populationbased screening trial. The primary outcome in this study was the detection of prostate cancer on biopsy. It should be noted, however, that a negative biopsy is not synonymous with the absence of prostate cancer.
Variables recorded included age, a family history of prostate cancer in a first-degree relative, race, indication for patient referral, and history of vasectomy. At presentation, the serum PSA measurement (Abbott Diagnostics, Abbott Park, IL) was repeated, and a member of the urology team performed a DRE on all patients. The DRE was classified as normal, asymmetric, suspicious, or cancer-likely. 7 Before the biopsy procedure, all patients received a cleansing enema and prophylactic broad-spectrum antibiotics. Patients with overt evidence of prostatitis or urinary tract infection by urine dipstick test were excluded. Complete data were available on 1,433 consecutive patients with a serum PSA level of 10 ng/mL or less, and all analyses were carried out on this group.
All procedures were carried out using a Bruel and Kjaer system 3535 (Marlboro, MA) device with a model 8551 7.0-MHz probe. Prostate volumes were obtained by measuring the gland in three dimensions, and volume was estimated using the following formula: 0.52 [length (cm) ϫ width (cm) ϫ height (cm)]. The PSAD was calculated by dividing the serum PSA by the calculated prostate volume. At the same setting, all patients underwent ultrasound-guided prostate biopsies performed using an 18-gauge biopsy instrument (Bard, Covington, GA). A minimum of six biopsy cores was obtained from all patients (range, six to 13 cores). Additional lesional biopsies were obtained when a TRUS-detected lesion was detected outside of the planned biopsy template. This study was approved by the Portland Veterans Affairs Research Service Institutional Review Board and was granted exempt status from need for informed consent.
Statistical Methods
The data were divided randomly into a model building set (80%) and validation set (20%). CART uses a binary recursive partitioning method that produces a decision tree that identifies subgroups of patients at higher likelihood of testing positive for a disease state.
13 Unequal misclassification costs were specified so that there was a three times higher cost associated with misclassifying a cancer case as a noncancer case. CART was performed on the model building data set. To simulate the clinical decision process, a two-step approach was carried out. First, a decision tree was created based on the PSA and DRE results, and then the subgroup identified as having a high risk of prostate cancer was analyzed using all remaining variables in the data set. The sensitivity and specificity of the resulting tree analysis were evaluated using the validation set. The results of CART for the prediction of prostate cancer were compared with the results derived from a model based on logistic regression using the area under the curve (AUC) from the receiver operator characteristic curves. To visually confirm the cutoff points selected by the CART, generalized additive models were used to evaluate the functional relationship between the cancer risk and the continuous variables (ie, age, PSA, PSAD, and prostate volume). 14 This analysis was designed to identify predictors of biopsy outcome and not of true disease status. Current prostate diagnosis techniques do not allow for the complete elimination of falsenegative biopsies; therefore, true disease status (presence or absence of prostate cancer) cannot be completely determined. Because the presence of false-negative biopsies introduces an asymmetric bias, the results should not be extrapolated to definitively predict true disease status.
RESULTS
Patient Characteristics
The median age of the study group was 65.1 years ( Table 1) . Most of the patients were classified as white (93.3%). A family history of prostate cancer was reported in 17.6% of patients. The median PSA level in this group was 5.0 ng/mL (mean PSA, 4.8 ng/mL). The DRE was normal in 48.8% of patients, asymmetric in 5.5% of patients, suspicious in 41.7% of patients, and cancer-likely in 4.0% of patients.
Ultrasound and Biopsy Data
The median prostate volume was 34.2 cc (range, 4.9 to 205 cc; Table 2 ). The median PSAD was 0.12 ng/mL/mL. Hypoechoic lesions were demonstrated in 44.9% of patients. Cancer was detected 24.4% of patients. The majority of tumors (51.8%) was determined to be Gleason score 6.
CART Analysis
The initial CART procedure was carried out on the model building set (n ϭ 1,173) using DRE and PSA data only to determine value of these primary factors in the prostate decision process. The initial CART selected a PSA cutoff level of more than 1.55 ng/mL alone for the identification of patients at risk for a positive prostate biopsy (Fig  1) . Using this cutoff, 96.6% (sensitivity) of cancer patients (281 of 291 patients) were identified for further analysis, whereas 193 (21.9%) of 882 subjects without cancer were correctly identified (specificity). Using this PSA cutoff alone, the percent overall reduction in prostate biopsies was 17.3% in the model building set (203 of 1,173 procedures).
In the group with PSA more than 1.55 ng/mL (n ϭ 970), prostate cancer was detected in 29.0% of patients (281 of 970 patients). The second CART analysis was carried out using all remaining variables, and the resulting decision tree was merged with the initial CART-derived tree. This supplementary decision algorithm identified the following four groups for a biopsy of the prostate: (1) PSAD more than 0.165 ng/mL/cc; (2) PSAD Յ 0.165 ng/mL/cc and TRUS hypoechoic lesion; (3) PSAD Յ 0.165 ng/mL/cc, absence of a hypoechoic TRUS lesion, age older than 55.5 years, and prostate volume Յ 44.0 mL; and (4) PSAD Յ 0.165 ng/ mL/cc, absence of a hypoechoic TRUS lesion, age older than 55.5 years, and 50.25 cc less than prostate volume Յ 80.8 cc.
The incidences of cancer detection in these groups were 48.8%, 26.4%, 21.6%, and 16.5%, respectively. For subjects with a PSA more than 1.55 ng/mL, CART detected 98.9% of the remaining prostate cancers (278 of 281 cancers) and correctly identified patients without cancer in 20.5% of the remaining subjects (141 of 698 subjects).
The complete model was found to have an overall sensitivity of 95.5% (278 of 291 cancer patients) and a specificity of 37.9% (334 of 882 noncancer patients) in the model building set. The positive predictive value was 33.7%, and the test carried a negative predictive value of 96.3%. CART analysis was then carried out using the randomly selected validation set (n ϭ 260). In this study, the sensitivity was 96.6% (57 of 59 patients), and the specificity was 31.3% (63 of 201 patients). Assuming the prostate cancer prevalence of 24% in this population, the positive and negative predictive values from the validation set were 29.2% and 96.9%, respectively.
The results generated by the CART were then compared with a logistic regression model created using the same factors. These analyses were performed using the validation data set. The CART decision tree had a receiver operator characteristic curve AUC of 0.74. When the same variables were entered into the logistic regression model, the AUC was 0.72. Thus, both CART-and logistic regression-based models are comparable in their effectiveness in discriminating biopsypositive cases from biopy-negative cases. 
Generalized Additives Models
Generalized additive models (Fig 2A through 2D ) were used to visually assess functional relationships between the continuous covariates (ie, age, PSA, PSAD, and prostate volume) and the risk of a positive biopsy. This analysis was conducted using both logarithmic transformed and untransformed data. Log(relative risk) can be converted to a relative risk by taking antilog. For example, a log(relative risk) of 0 implies the relative risk of 1 (no impact on the probability of having a prostate cancer), whereas a log(relative risk) of 1 implies the relative risk of 2.71 (ie, 2.71-fold increase in the probability of having prostate cancer).
There was a monotone increasing relationship between the risk of prostate cancer and both patient age and PSAD. Serum PSA was found to have a biphasic distribution, with an initial linear increase in the low PSA range that was followed by a plateau phase in the intermediate PSA range from 4 to 10 ng/mL. Prostate volume demonstrated a sinusoidal pattern relative to prostate cancer risk.
Biopsy Gleason Scores
The biopsy Gleason scores were compared in the group who had CART-detected cancers compared with the group who had cancers that were missed in the analysis. Collectively, between the model building (n ϭ 13) and validation datasets (n ϭ 2), the CART model missed 15 (4.3%) of 350 cancer cases. These missed cases were generally of lower grade than the cancers that were detected by the CART analysis (Fig 3) . The missed cancers were classified as Gleason score 6 
DISCUSSION
The optimal strategy to screen patients for prostate cancer has yet to be defined. Screening for prostate cancer with the combination of PSA and DRE has been thought to be a sensitive means of detecting prostate cancer 15, 16 ; however, recent data suggest these tests have diagnostic limitations. A study of men who had a normal DRE and a serum PSA level less than 3.0 ng/mL demonstrated that standard prostate screening practice is able to detect 85% of prostate cancers. 17 The biologic significance of these tumors is not known; although these subclinical cancers may belong to a pool that are destined for a more indolent course.
Using PSA and DRE, up to 25% of men who present for prostate screening will have abnormalities that could lead to a biopsy of the prostate. 5 Efforts have been made to reduce the number of unnecessary biopsy procedures through the use of PSA derivatives, PSA subspecies analysis, and multivariable models based on either logistic regression or artificial neural networks. [8] [9] [10] [11] 18 Many of these models have not gained wide acceptance because of a lack of sensitivity, specificity, or both. Recently, we reported on the development of a prebiopsy nomogram, which incorporates the results of patient age and DRE and TRUS findings to determine the relative likelihood of a positive biopsy for patients with a serum PSA of Յ 10 ng/mL. 7 This nomogram has a sensitivity of 92% and a specificity of 24% (AUC ϭ 0.73). Furthermore, it was able to reduce the total number of biopsy procedures by 20%. In the current study, we used CART analysis to develop a prostate biopsy decision algorithm in patients referred for an abnormal PSA, DRE, or both. Using these covariates, CART analysis selected PSA more than 1.55 ng/mL alone as an indication for further work-up. With the application of this cutoff, 96.6% of all cancers were detected, while reducing the necessity of both ultrasound procedures and biopsies by 21.9%. Thus, in contrast to our previous nomogram model, the CART was able to find a low-risk group that could not only avoid the biopsy procedure, but also forgo the ultrasound procedure. Among patients with a PSA more than 1.55 ng/mL, patients were selected for biopsy based on PSAD, presence of a hypoechoic lesion, age, and prostate volume. Overall, the CART model was able to detect 96.6% of all cancers and reduce the number of unnecessary procedures by 31.3%, with an overall reduction in biopsy procedures of 25.0%. Thus, the CART model significantly reduced the number of unnecessary biopsies, while retaining a high degree of sensitivity, when compared with standard screening practice. Although the sample size of the validation set was adequate for the evaluation of overall performance, its size precludes the rigorous evaluation of model performance at each individual terminal node. However, we compared the accuracy for exploratory purposes and found the overall probabilities in each terminal node to be comparable to those obtained in the model building set. An exception was noted for the high-risk group 3 (PSA Ͼ 1.55 ng/mL, PSAD Յ 0.165 ng/mL/cc, TRUS nonhypoechoic, age Ͼ 55 years, prostate volume Յ 44 mL), for which the model building set showed a biopsy-positive rate of 21.6% (n ϭ 125) compared with 6.1% (n ϭ 33) in the validation set. It seems that this difference accounted for the decrease in specificity; however, importantly, model sensitivity was preserved. This may be an effect caused by the small sample size at this node or by true inconsistencies between the validation and training datasets.
In this study, a serum PSA level of greater than 1.55 ng/mL alone was identified as an indication for further testing in a population referred for prostate evaluation. The DRE lost predictive value when the PSA test was coanalyzed as a continuous variable. It is possible that, at this threshold, tumors may be too small for prostate cancer detection by DRE as previously suggested by Vis et al. 19 Schroder et al 20 found that the positive predictive value of the DRE was negatively associated with increased PSA levels. The positive predictive value for the DRE was 45% when the PSA level was between 4.0 and 10.0 ng/mL; however, it was reduced to 10% when the PSA level was between 1.0 and 1.9 ng/mL and was reduced to 4% when the PSA level was between 0.0 and 0.9 ng/mL. These investigators calculated that, for patients with DRE abnormalities and PSA values between 1.0 and 1.9 ng/mL, 38 biopsy procedures would be necessary to discover one cancer. For patients with PSA values from 0.0 to 0.9 ng/mL, 46 biopsies were required to detect a single cancer, which is a rate they determined to be "unacceptably high." 4 Others have similarly reported the DRE to have a low positive predictive yield in patients with a low PSA. 21, 22 Recently, it has been proposed that the normal PSA cutoff level be decreased to 2.5 or 3.0 ng/mL. 23,24 A higher rate of organ-confined disease and the potential for curability have been cited as justification to changing the current screening recommendations. 20, 25, 26 Additional evidence lending support to a lowering of the PSA cutoff level comes from the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. 27 In this trial, men with a PSA level of less than 2.0 ng/mL had a 97.4% chance of maintaining a PSA Յ 4.0 ng/mL for 3 years, whereas the risk for men with an initial PSA level between 2.0 and 3.0 ng/mL was 76.4%. The rate of PSA conversions in the initially low PSA group was similar to the incidence of missed cancers in patients with low PSA values in our study. In the current study, the relationship of PSA to prostate cancer biopsy detection was examined in a referred population. The risk of a positive biopsy was found to be 4.9% (10 of 203 subjects) for men with a PSA Յ 1.55 ng/mL, whereas the risk of cancer was 29.0% above this value. These data support using a lower PSA cutoff level for the detection of prostate cancer; however, further study is needed to determine the net benefit of detecting cancers at this lower PSA level. The presence of a hypoechoic lesion on TRUS is well known to be suggestive of prostate cancer. 28, 29 Prostate cancer tissue contains a reduced number of acoustic interfaces primarily because of its cellular density and, thus, is less echogenic (ie, hypoechoic) relative to normal prostate tissue. Similar to our previously published model, the presence of a hypoechoic lesion by TRUS was found to aid in the prediction of cancer using the CART model. In patients with a PSA level more than 1.55 ng/mL and a PSAD more than 0.165 ng/mL/cc, the incidence of prostate cancer in patients with a hypoechoic lesion was 26.4% compared with 12.8% in patients without lesions (relative risk ϭ 2.1).
In the intermediate PSA range, the most important disease to discriminate from prostate cancer is benign prostatic hyperplasia. 30 Many studies have shown a reduction in prostate cancer risk with increasing prostate size. In the current study, an overall reduction in prostate cancer risk was observed with increase in gland size. However, a trend towards increased risk was observed on the low and high end of the volume scale (Fig 2D) . Because there are relatively small numbers of patients in these ranges, it is unclear what their significance is. Additional studies with greater numbers of patients in these categories would be required to make assumptions about prostate cancer risk in these areas. The CART model chose select patients with smaller prostate glands (volume Յ 44.0 mL) to be at increased risk of prostate cancer. Interestingly, it also chose a group of patients for biopsy who would normally be considered lowrisk patients (volume, 50.3 to 80.8 mL). The identification of this subgroup combined with other clinical features illustrates some of the advantageous features of CART analysis, which, unlike other methods, does not assume a multiplicative risk model or a specific parametric probability model and, thus, allows for the unveiling of unique interactions between covariates.
There were limitations to the current study that warrant mention. Because percentage of free PSA was not available at the onset of this study, we were unable to assess its utility in the current model. The CART model did include PSAD, which has been shown to have equivalent or improved predictive capacity compared with percentage of free PSA. 31, 32 Future studies that incorporate percentage of free PSA or its subtypes into multivariable models will likely result in further improvements to such models. Similar to other reports, 5, 9 this study included a low proportion of black men; thus, it is not known how well the CART model would perform in this population or other racial or ethnic groups. Our model was designed to predict the presence of cancer in men on initial prostate biopsy only and not whether cancer would be detected on subsequent biopsies. Therefore, similar to those patients who have biopsy-negative results, patients who forego a biopsy based on the results of the CART should continue to be monitored. Recent studies have suggested that extended biopsy schemes taking more cores improves the rate of cancer detection. 33 Then again, a randomized controlled trial comparing a six-cores with 12-cores biopsy procedure showed no difference in cancer detection rates. 34 Although it is possible that extended biopsy schemes may find cancer more frequently, it may also contribute disproportionately to the overdiagnosis of prostate cancer. 35 Nonetheless, similar to all studies of prostate cancer diagnosis, this analysis is limited by the bias introduced by falsenegative biopsies. This limitation of the biopsy procedure precludes the definitive determination of the true disease status. Therefore, the results of this analysis should be used to aid in predicting the outcome of a biopsy procedure, which is the primary goal of the analysis, and should not be used to predict true disease status.
In summary, CART analysis chose a PSA cutoff level of Յ 1.55 ng/mL for the identification of patients at minimal risk for a positive biopsy regardless of DRE findings. The model correctly identified 96.6% of patients with prostate cancer and was able to reduce the number of unnecessary biopsies by 31.3%.
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